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[51] ABSTRACT 
Method and apparatus for imaging using penetrating 
radiant energy provides a resulting image with elements 
of intensity related to atomic number. A penetrating 
radiant energy source is used for generating a ?ying 
spot. A ?rst detector is located to be responsive to 
transmitted energy, e.g. the flying spot traverses the 
?rst detector. A second detector is located substantially 
coplanar with the ?rst detector to be responsive to 
scattered energy, as the ?ying spot scans a target. The 
signals produced by the ?rst and second detectors are 
combined to produce an image array having elements of 
intensity related to atomic number. A method and appa 
ratus for non-invasively measuring density using the 
apparatus already recited, is also disclosed. 

19 Claims, 3 Drawing Sheets 
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IMAGING 

This is a continuation of co-pending application Ser. 
No. 691,737, ?led on Jan. 16, 1985, and abandoned Apr. 
15, 1986, which is a continuation of co-pending applica 
tion Ser. No. 426,380, ?led on Sept. 29, 1982, now aban 
doned. 

DESCRIPTION 

1. Field of the Invention ' 
The present invention relates to imaging using pene 

trating radiant energy, and more particularly to x-ray 
imaging. 

2. Background Art 
The use of penetrating radiant energy as an imaging 

technique has been available in the prior art for many 
years. Typically, such an imaging system includes three 
components, a source of appropriate penetrating radiant 
energy, a detector which is responsive to the radiant 
energy reaching the detector, and an imaging device for 
producing an image which is created in dependence on 
the signals produced by the detector. In the earliest 
forms, the detector and imaging device were united in 
the form of a coated ?lm. Typically, an object to be 
imaged, for example a human being, was located be 
tween a source of penetrating radiant energy, such as an 
x-ray source, and the detector, i.e. the ?lm. After a 
suitable period of illumination, the ?lm was developed 
to produce an image which was useful in various medi 
cal diagnoses. 
Although in use for quite some time, the technique 

has many drawbacks. Since the image is developed on a 
single plane it is dif?cult to obtain a good spatial con 
cept of the object being imaged. Information respecting 
density and thickness is mixed since both parameters 
produce an identical effect, i.e. stopping more or less of 
the penetrating radiant energy. 
Improvements have of course been made, and while 

the following portions of the application discuss some 
of those improvements and the present invention as 
speci?c to x-ray illumination, it should be apparent that 
other forms of penetrating radiant energy have also 
been employed and can be employed as an illumination 
source in accordance with the invention. Those im 
provements have included detectors capable of selec 
tively responding to different energy levels, and capable 
of providing increased resolution when used together 
with, for example, apparatus producing a ?ying spot of 
penetrating radiant energy rather than fan beams (line 
illumination) or even area illumination. 
The relatively new ?eld of computer tomography has 

added the power of the computer to the imaging func 
tion. This technique allows the object to be illuminated 
and the detector response captured, from a plurality of 
different directions. Once this is accomplished, the com 
puter processes information captured in the detector 
response as a function of direction of illumination to 
produce a cross-sectional image which provides a 
vastly improved spatial concept of the object being 
imaged. 
Another capability provided by the computer is the 

ability to produce an enhanced image. The typical dis 
play medium used in computer tomography and other 
penetrating radiant energy imaging apparatus is the 
cathode ray tube. The cathode ray tube image has a 
?nite contrast range. However, the entire contrast 
range of the cathode ray tube can be used to display 
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2 
only a portion of the contrast range available in the 
captured information. Of course, portions of the image 
whose contrast lies outside the range being used cannot 
be seen; however, those portions of the image whose 
contrast lies within the range are greatly enhanced. The 
two parameters associated with this technique are 
called the window and level. The level determines the 
mid-point of the contrast range which will be displayed 
and the window describes the total contrast range 
which will be displayed. Notwithstanding these ad 
vances, there still remains problems for which the prior 
art provides no solution. The particular problems which 
this invention addresses relates to the fact that most of 
the objects being imaged are complex, i.e. made up of 
aggregations of different elements, compounds, tissues 
or the like. The unsolved problem is the production of 
an image showing some, but not all of the components 
of the object, i.e. to isolate one or a few components for 
imaging. 
One prior art technique aimed at this problem is imag 

ing using three nearly monochromatic but different 
illumination energies. For example, in imaging a human, 
the illumination is chosen as one below the k-edge of 
iodine, and two above it. Three different time sequential 
images are taken, and are then combined so that only 
the image of the iodine component remains, the bone 
and soft tissue cancel out. Mistretta has shown that this 
is a viable technique. However, the ?ltering required to 
produce the monochromatic illumination severely re 
duces the available energy intensity such that the results 
are photon limited. 

It is well known that the mass attenuation coef?cients 
depend on both atomic number and energy. The photo 
electric and Compton components are different func 
tions of energy. Brody et al pointed out that if you could 
take two images at different energies, you can combine 
the images in such a way that the contribution to the 
image from mass of a single atomic number can be re 
moved. Thus, an image can be created which has no 
contribution from a component with the single atomic 
number. In the course of this work, Brody illustrated 
the use of two polychromatic energy spectra, even 
through there is some overlap. For purposes of this 
discussion, we shall use the term primary image or pri 
mary images to refer to the data collected by illuminat 
ing an object and the image that is or could be produced 
thereby, either directly or by selection of window and 
level parameters. There exists a set of primary images 
that can be generated from such data, a ?rst image by 
displaying the raw data and others that can be produced 
by various windows and levels. A secondary image, 
such as that proposed by Brody, is an image created by 
combining two or more primary images. 
Both of these prior art techniques, however, suffer 

from a common failing, and that is that they use a com 
mon source and detector, and thus the different primary 
images that are obtained (which are later manipulated 
to obtain secondary images) are necessarily obtained at 
different times, i.e. the different primary images are time 
sequentially generated. To the extent that there is any 
movement in the object being imaged then, the second 
ary images obtained as a result of manipulating the 
primary images are inaccurate. 
Another failing of the Brody technique is that the 

secondary image he creates is capable of eliminating 
image contributions from mass of a single atomic num 
ber. To eliminate image contributions from mass of a 
different atomic number, a different secondary image 
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must be created. While this does not require re-imaging 
the target (or patient), it does require additional pro 
cessing. The further function of producing an image 
which is composed solely of contributions from mass of 
a chosen atomic number is not addressed in the prior 
art. 

It is therefore one object of the invention to provide 
a method and apparatus for selectively imaging in 
which at least two different primary images are ob 
tained which can then be later combined or processed 
to produce a secondary image, but in which all the 
primary images are simultaneously obtained. It is an 
other object of the invention to provide an imaging 
technique allowing isolation of a single component of a 
complex object which does not require monochromatic 
or nearly monochromatic illumination, and thus is not 
energy intensity or photon limited. It is still another 

' object of the invention to provide a method and appara 
tus for isolating a selected component of a complex 
object to be imaged which employs a single illumination 
source, which does not limit the spectrum of that souce 
(and which thus overcomes the energy intensity limin 
tations of monochromatic techniques and apparatus), 
but which instead employs two different detectors, a 
first detector arranged to be responsive to a transmitted 
ray, and a second detector arranged to be responsive to 
a scattered ray. It can be shown (see below) that an 
appropriate second image (which is a combination of 
two primary images, one obtained from transmitted 
energy and the other obtained from scattered energy) 
can be manipulated to enhance one component (based 
on atomic number) at the expense of all others, and the 
particular component being enhanced can be chosen 
after the primary images are obtained and after the 
secondary image is obtained. 

It is therefore another object of the invention to ob 
tain two primary images from a single illumination, one 
from transmitted energy and the other from scattered 
energy; and then combine them to obtain a secondary 
image which is not a function of mass density (p) or 
thickness (1). 
Those skilled in the art are aware that typical projec 

tion radiographic images mix thickness and density 
information and many times it is important to unscrarn= 
ble the mixed information. It is another object of the 
invention to provide for processing of the scattered and 
transmitted images to produce a secondary image. Se 
lecting window and level parameters allows the viewer 
to focus in on an atomic number plane which is not 
contaminated with density or thickness data. That is, by 
varying window and level, the viewer can enhance 
image contributions from particular components of the 
target with similar atomic number. 
The ability to isolate image components in terms of 

atomic number can also be applied to non-invasive mea 
suring of mass density. It is therefore another object of 
the invention to provide a method and apparatus for the 
non-invasive quantitative evaluation of mass density of 
selected target components such as bone. 

SUMMARY OF THE INVENTION 

Accordingly, these and other objects of the invention 
are met in an apparatus useful in selectively imaging 
using penetrating radiant energy. That apparatus in 
cludes a source of penetrating radiant energy; an x-ray 
source is one example. Adjacent the source of penetrat 
ing radiant energy is an apparatus for directing the 
energy toward a target area; a collimator may be used, 
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4 
and in a preferred embodiment, this apparatus is repre 
sented by a scanning device to shape the emitted x 
radiation into a scanning beam which repeatedly scans 
the target area in a raster scan fashion. Finally, a radiant 
energy detecting arrangement is employed which in 
cludes a ?rst radiant energy detector located to be re 
sponsive to the radiant energy passing directly through 
an object (transmitted) located in the target area, and a 
second radiant energy detector located to be responsive 
to radiant energy scattered by an object located in the 
target area. 
As will be described hereinafter, the desired image is 

produced by ?rst storing signals produced by the ?rst 
and second radiant energy detectors in such a way that 
signals from the first and second radiant energy detec 
tors each form an array, and the desired array is pro 
vided by selectively combining the arrays produced by 
the ?rst and second radiant energy detectors. 

Thus, the ?rst radiant energy detector produces a 
time sequence of signals which are‘ sampled, A/D con 
verted and stored in an array to form a ?rst primary 
array T. The second radiant energy detector produces 
(simultaneously) a time sequence of signals which are 
sampled, A/D converted and stored in a different array 
to form a second primary array S. For each element Ti‘, 
and S1‘), of arrays T and S, an element Rf’; of a secondary 
array R is formed. The secondary array R will allow 
production of an image in which image components can 
be enhanced based on atomic number, 

Therefore, in one aspect the invention provides a 
projection radiographic apparatus useful in selectively 
imaging an object using penetrating radiant energy 
comprising: 

source means for emitting penetrating radiant energy; 
means for directing said penetrating radiant energy 

emitted by said source means towards a target area; 
?rst radiant energy detecting means located to be 

responsive to said radiant energy passing directly 
through an object located in said target area; and 

second radiant energy detecting means located to be 
responsive to said radiant energy scattered by an object 
located in said target area. 

In another aspect, the invention allows measurements 
of internal components of a target in a non-invasive 
manner. In addition to isolating, in an image, compo 
nents of the target with atomic number in the vicinity of 
a selected quantity, density measurements can be made, 
non-invasively. One particular utility of this technique 
is measurement of bone mineral density without sur 
gery. As will be shown below, the direct and scattered 
image arrays can be used, with easily obtained supple 
mental data, to evaluate bone density. Application of 
the invention to measurement of bone density is but one 
example and other applications will occur to those 
skilled in the art after reviewing the description. 

In illuminating the target, care is taken to illuminate 
the target in at least two different swaths, a ?rst includ 
ing, in its line of sight, the internal component whose 
density is to be measured, and at least another swath 
with a line of sight excluding the internal component. 
After illuminating, scattered and transmitted image 
arrays are stored as described above. In addition to the 
data contained in the transmitted and scattered image 
arrays, computation of the internal component’s density 
requires the thickness of the target, and the thickness of 
the internal component. Of course, the target thickness 
can readily be measured with conventional techniques. 
Thickness of the internal component can be easily mea 
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sured using a projection radiograph. It is then only 
necessary to identify to the machine storing the scat 
tered and transmitted image arrays, two regions of in 
terest or swaths, one excluding the internal component 
whose density is to be measured, and the other includ 
ing the internal component whose density is to be mea 
sured. 

Density can then be computed using the expression: 

[Sit/T1111 — Sta/Tr,“ (1 -— lB/ITH (l) 

In this expression, the subscripts i,b and i,a identify 
respectively, the two different swaths or regions of 
interest; i,b identifying the swath including the internal 
component, and i,a identifying the swath excluding the 
internal component. The transmitted and scattered 
image arrays are identi?ed by T and S, respectively. 
The thickness of the object is identi?ed as tr and the 
thickness of the internal component is identi?ed as t3. 
Finally, the parameter o-KN is the Klein Nishina cross 
section for a free electron (a function of illuminating 
energy only). 

Accordingly, in respect of this aspect, the invention 
provides a method of remote measurement of density of 
a component of a complex target in which said compo 
nent is entirely submerged in another component of said 
complex target, said method comprising the steps of: 

measuring thickness of a selected section of said com 
plex object and thickness of said component at said 
section; 

illuminating said section of said complex object in at 
least two swaths with a sweeping beam of radiant en 
ergy directed approximately perpendicular to said se 
lected section while slowly indexing said target relative 
to said sweeping beam so that said ?rst swath has a line 
of sight excluding said component and said second 
swath has a line of sight including said component; 

simultaneously detecting transmitted and scattered 
radiant energy from said target; 

sampling and storing said detected transmitted and 
scattered radiant energy in a pair of ordered arrays T 
and S, respectively; and 

computing: 

(2) 

where the subscripts i,b and i,a identify said second and 
?rst swaths, respectively, t3 is said measured thickness 
of said component at said section, tris said measured 
thickness of said selected section of said complex object 
and 07m is the Klein Nishina cross-section for a free 
electron. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will now be further described 
to enable those skilled in the art to make and use the 
invention in the following portions of this speci?cation 
when taken in conjunction with the attached drawings 
in which like reference characters identify identical 
apparatus, and in which: 
FIGS. 1A and 1B are plan and elevation views of a 

representative embodiment of the invention; 
FIG. 2 is useful in describing the theoretical basis for 

the invention, and relating the direct and scattered rays, 
which are detected by the described detectors, and the 
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6 
relationship of the intensities those rays bear to the 
image desired to be produced; 
FIG. 3 shows data processing used to develop one 

type of secondary image. 
FIG. 4 is a plot of R vs. Z for targets of varying Z and 

thickness; 
FIG. 5 is a cross-section of a human arm; 
FIG. 6 is a typical projection radiograph of a target 

such as FIG. 5; and 
FIG. 7 is illustrations of typical transmitted and scat 

tered image arrays useful in describing an embodiment 
of the invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENT 

FIGS. 1A and 1B illustrate, in block schematic fash 
ion, plan and elevation views of a preferred embodi 
ment of the invention. As shown in FIGS. 1A and 1B, 
a source of x-radiation 5 is located so as to emit radia‘: 
tion in the direction of a target area; in FIGS. 1A and 
1B the target area is indicated by the position of the 
object O which is located in the target area. Associated 
with the x-ray source 5 is a device for directing the 
x-radiation toward the target area. In a preferred em 
bodiment, that includes apparatus for forming a scan 
ning spot beam of x-radiation. As best seen in FIG. 1A, 
the scanning spot beam repeatedly traverses a region in 
space occupied by detectors 20, 25, and at an arbitrary 
instant in time the spot beam may follow the direction 
of the arrow A. Since those skilled in the art are aware 
of a variety of devices for producing scanning spot 
beams to traverse speci?ed regions in space, that appa 
ratus will not be described in detail herein; however, 
reference is made to US. Pat. Nos. 4,031,401, Re. 
28,544, 3,790,799, 4,242,593 and 4,260,898. 
As best seen in FIG. 1B, the typical spot beam A is 

directed into the target area, in which the object 0 lies. 
Located on the other side of the object 0 from the x-ray 
source 5, is the detector region, and as shown in FIG. 
1B, the detector region is occupied by at least two dif 
ferent x-ray detectors. A ?rst detector 20 is located so as 
to intercept radiant energy passing directly through the 
object 0. On the other hand, a second detector 25, 
located on the same side of the object O as is the detec 
tor 20, but the second detector 25 is located so as to 
intercept forward scattered radiant energy from an 
object located in the target area, that is radiant energy 
scattered at an acute angle (see FIG. 1B) from the ob 
ject located in the target area. 
The construction of each of the detectors 20 and 25 

can follow prior art techniques; what is important is that 
the detectors be located so as to selectively intercept 
either direct or scattered radiation, and to separately 
develop corresponding electrical signals on output con 
ductors 21 and 26, representative of direct and scattered 
radiation, respectively. However the detectors are pref 
erably coplanar as shown in FIGS. 1A and 1B. As 
shown in FIG. 1B, the detector 20 has a height d (per 
pendicular to the direction of the transmittedray A), 
whereas the detector 25 has a height D (measured in the 
same direction), and the detector 25 is spaced a distance 
y (again measured perpendicular to the direction of the 
transmitted ray A) from the uppermost portion of the 
detector 20. The particular dimensions d, D and y will 
be selected by those skilled in the art based on the crite 
ria that the detector 20 is to intercept transmitted radia 
tion, whereas detector 25 is to intercept only or mostly 
forward scattered radiation. Based on this criteria, FIG. 
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1B shows an additional optional detector 30 which may 
form part of the second detector, i.e. to intercept for 
ward scattered radiation. Furthermore, the second de 
tector 25 and 30 may in practice cover a substantial 
area, rather than being a line detector, as is the detector 
20. That is, the second detector may occupy a substan 
tial region in a plane perpendicular to the direct ray A, 
except of course in the region occupied by the first 
detector 20. With the geometry as described in FIGS. 
1A and 1B then, the desired image is constructed from 
signals produced by two detectors, a ?rst detector 20 
arranged to be responsive to a direct ray, and a second 
detector 25 arranged to be responsive to a forward 
scattered ray. As the scanning spot beam scans the ob 
ject in a plane de?ned by the scanning spot beam, the 
signals produced by the ?rst and second detectors 20 
and 25 are stored, i.e. the outputs of the first and second 
detectors are subjected to a sampling and analog-to 
digital conversion process, whereafter the signals are 
separately stored in ?rst and second image arrays. The 
device 27 is responsive to signals on conductors 21 and 
26 for simulaneously sampling, digitizing and storing 
said signals in T and S ordered arrays. In addition, and 
as will be described hereinafter, the device 27 provides 
for combining the T and S ordered arrays to produce a 
secondary image array R. Finally, the device 27 pro~ 
vides for producing an image of the secondary array R 
using selectable window and level parameters. The 
device 27 can be implemented with conventional de 
vices including minicomputers and/or microprocessors 
and associated CRT’s. Accordingly, further description 
of the device 27 is not required. 
As thus far described, the signals produced by the 

first and second detectors are limited to producing line 
images representing the line of the object O scanned by 
the spot beam A. As is typical, however, of the use of 
scanning spot beams, a raster sweep action is produced 
by slowly (relative to the speed of the scanning) and 
relatively translating the object O in a direction perpen 
dicular to the plane of the scanning spot beam. That is, 
the translation can be produced by motion of the object 
O (with source and detectors ?xed) or motion of source 
and detectors (with the object ?xed). For each one or 
several sweeps of the spot beam, the source/detector or 
object is indexed perpendicular to the plane of the spot 
beam so that on following sweeps, a different region (or 
a line) of the object is scanned by the scanning of the 
spot beam. 
The prior art to the invention proceeds by noting the 

attenuation coefficient at is a function of Z (atomic 
number) and E (illumination energy). It has been 
shown: 

MZE)=QL(Z);LL(E)+HP(Z)MP(E) (3) 

where the subscripts c and p relate to Compton scatter 
ing and photo electric attenuation, the coefficients, a, 
are functions of Z, only. 
For any line of sight and energy E1: 

I; is the transmitted energy (incident on a detector) 
and 

I0 is the energy incident on the object, 
and the integral is along a line of sight from source to 

the detector. 
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After imaging at energy E, the prior art re-images at 
energy E2, to de?ne: 

If such a combination image is formed, then lines of 
sight with Z satisfying the equation will disappear from 
the combined image, other lines or sight will remain. If 
Z is constant over'the integral we can say: 

So long as 

P-p(El) (11) 
M051) 

which in general is true, b will be a function of Z. 
Note this requires two different illuminations, one 

with energy E1, the other at E2. Furthermore, while 
this prior art allows elimination of the contributions in 
an image from mass of a particular atomic number, the 
problem of isolating, in an image, contribution from 
mass of a particular atomic number is not addressed. 
We now refer to FIG. 2 to describe how the image 

arrays produced by the ?rst and second detectors of the 
invention can be manipulated to isolate a particular 
element, compound, tissue, etc. This isolation is, as will 
be described hereinafter, based on atomic number Z° 

FIG. 2 shows a cross-section of the object 0 located 
in the target area on which is incident the spot beam A 
with intensity I0. The direct ray transmitted through the 
object O has an intensity 1,. For convenience, the object 
O is (conceptually) sub-divided into a sequence of ele 
mental regions each of length l in the direction of the 
ray A. The boundary of each region is numbered, and 
since there are n regions, there are n interfaces. In gen 
eral, 1,, is the intensity of the direct ray crossing the 
boundary x, and the scattered ray If is the radiation 
scattered by the region x; since there are 11 regions, x 
can take on any integer value between 1 and n. Finally, 
since we have postulated that each of the elemental 
regions is of a width 1, then nl=t, where t is the thick 
ness (in the direction of the ray A) of the object 0. 
We can then relate: 

1| =10e—;LIP/ (12) 

where 
p,=total mass attenuation coefficient, 
p=mass density, 

l=elemental thickness. 
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If Z is constant along the direct path between source 
and detector, then: 

m (28) 

and is a unique function of Z. . 
However, we know IS and It, these are what the de 

tectors see, and thus our primary images T and S are 
made up of sampled and digitized versions of IS and It. 
So we can compute R for our image, point by point, 
using equation 27. 
FIG. 3 schematically shows the processing used to 

develop the desired or secondary image. FIG. 3 illus 
trates two arrays, T and S; representative of at least a 
portion of the read/write memory area of a processor 
which is subjected to inputs from the ?rst and second 
detectors. Each of those inputs are sampled and digi 
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10 
tized, the inputs from the ?rst detector ?lls array T and 
the input from the second detector ?lls the array S. 
Those skilled in the art will be aware that there is a 
one-to-one correspondence between any arbitrary ele 
ment in array T and the output of the ?rst detector at 
some instant in time during the period during which the 
target is being scanned. Likewise, there is a similar 
correspondence between an element in array S, and the 
output of the second detector at a corresponding time 
during the scan of the target 0. 
Those skilled in the art will realize that each element 

of each array T, S, is a digitized representation of either’ 
the scattered or transmitted intensity reaching one of 
the detectors 20 or 25 at a particular instant in time. Let 
us assume for example that T is the array ?lled with 
signals derived from detector 20 and S is the array ?lled 
with signals derived from detector 25. Since the arrays 
are ?lled simultaneously, the same portion of the object 
O which produced a transmitted ray intensity TM, 
produces scattered intensity of SL1, i.e. corresponding 
positions in each array originate from identical regions 
in the object 0. 
FIG. 3 shows that subsequent to ?lling the arrays, the 

arrays are combined to produce a further array R. The 
array R is produced by withdrawing corresponding 
elements of array T and S and performing the process 
ing directed by equation 27. More particularly, for each 
element of R, Rf‘,- we compute 

IS/II 
-ln (Ir/Ia) ’ 

by noting that IS=S,~1,; I,=T,-J and I0 is a constant. Each 
element in the array R will have a value which is a 
unique function of the line of sight Z. Thus, the typical 
radiograph in which image intensity is a mix of density 
and thickness is replaced by the secondary image R in 
which intensity is a function of line of sight Z. 
To demonstrate the foregoing, a target consisting of 

wedges of lucite, aluminum and copper of varying 
thickness was illuminated in accordance with the inven 
tion. Both direct and scattered detectors were used and 
a secondary image was produced in accordance with 
FIG. 3. FIG. 4 is a plot of intensity vs. atomic number. 
If the image of FIG. 4 is produced with the window 
W1, the resulting image will show lucite and the alumi 
num and copper will be absent. Similarly, with window 
W2, only aluminum will be apparent and W3 will exclu 
sively show copper. Thus, the composite (copper, alu 
minum and lucite) target has been selectively imaged by 
the invention. This plot was developed using copper 
samples 0.0254 cm and 0.0508 cm thick, lucite samples 
of thickness 0.9804 and 1.313 cm and four aluminum 
samples of thickness 0.3175 cm, 0.635 cm, 1.564 cm and 
1.247 cm. Note that all the image intensities are clus 
tered at the same R value for each value of Z, i.e. thick 
ness is no longer a signi?cant image variable. 

In the case of copper, thickness variation of 100% 
showed an almost imperceptible variation in R, again 
sample thickness is no longer a signi?cant image param 
eter. ' 

In the case of aluminum, images of the four different 
samples are somewhat spread in the R parameter (from 
0.055 to about 0.07). However, even this spread is signif 
icantly less than the actual thickness spread of the sam 
ples. At least as important is the separation (in R) of 
image components related to different Z. 
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FIG. 4 demonstrates an important characteristic of 
the invention. Assume for example, that a complex 
object consisting of lucite, aluminum and copper were 
imaged and that two arrays were produced correspond 
ing to direct and scattered energy. Processing those 
arrays as shown in FIG. 3 using a level of approxi 
mately 0.13 would result in a secondary image in which 
the lucite alone was present. A similar effect can obvi 
ously be produced for the aluminum and/or copper. 

This is a particularly useful technique. For example, 
consider medical imaging where it is desired to produce 
an image of only the bloodstream of a patient or a speci 
?ed portion of a patient. With this technique, for exam 
ple, iodine can be introduced into the bloodstream, and 
then primary images T and S produced by illuminating 
the patient or that portion of the patient as described 
hereinbefore. The secondary array R is produced and 
then imaged using as a level the R value corresponding 
to the atomic number of iodine. As a result, the second 
ary image will show only those portions of the object in 
which the atomic number corresponds to iodine. By 
manipulating the level parameter, of course images can 
be produced displaying other speci?ed portions of the 
target 0. Since the invention is predicated on the as 
sumption that line of sight Z is substantially constant, 
there are particular lines of sight which will show supew 
rior results as compared to other lines of sight. How 
ever, those skilled in the art will be able to appropriately 
apply the invention after reviewing the description. 
As another example, outside the medical ?eld, x-ray 

projection radiography is often used in examining ?ne 
arts to see if multiple images exist on one painting. 
Using this technique, images can be produced corre 
sponding to various pigments. For example9 an image 
can be created displaying only lead-based pigments, 
another image can be created displaying only cadmium 
based pigments, etc. 

Still other processing possibilities allow for the cre 
ation of images with still different characteristics. Many 
of these possibilities will occur to those skilled in the art 
after reviewing this description. 
As was pointed out hereinabove, the invention can 

also be applied, beyond producing processed images, to 
allow calibratable, reproducable measurements of 
atomic number and density for particular components in 
a complex object. As an example, FIG. 5 shows a cross 
section which is representative of a human arm. The use 
of the human arm as an example is particularly appro» 
priate since measurements of bone density are desired, 
but the bone is an internal component, completely sub 
merged in the surrounding muscle and skin. The arm, 
however, is just an example of a variety of complex 
objects which include an internal component entirely 
submerged in another component or components. 
For purposes of analysis, the arm cross-section can be 

considered to consist of two components, flesh and/or 
muscle tissue 50 within which is located bone tissue 55. 
As shown in the cross-section of FIG. 5, the total thick= 
ness of the arm is t7", whereas the bone 55 which is 
circular or nearly-circular has a diameter t3. Also 
shown in FIG. 5 are two representative ray paths, R1 
which intercepts only ?esh and/or muscle tissue and R2 
which intercepts bone tissue as well as flesh and/or 
muscle tissue. 
We begin with (25) and (26), and de?ne: 

XEIS/I!= fucpdy (29) 

p O 
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For ray path R1 and all other paths outside the bone 
tissue 55: “ 

X1 = f lmpdy (30) 

On the other hand, for path R2, and all other paths 
intercepting the bone tissue 55: 

1B (31) 
X2 = f 2 mpdy = f 1 #cPdy — 7; f1 mpdy + faucpdy 

where f; is a line of sight integral over path R2 and f3 
is a line integral over a portion of path R2 within the 
bone tissue 55. 

which assumes the bone tissue is uniform, a reasonably 
good assumption, especially as compared to the other 
tissue 50 within the target 0. 
We note that: 

ucpzzna'mv (34) 

where 
Z is atomic number 
n is atomic density 
o'KN is the Klein Nishina cross-section for a free elec 

tron (a function of energy only) 

Zgng = 

The expression on the left side of equation 36 is a 
medically signi?cant parameter depending as it does on 
the mass density of the imaged bone. The ability to 
sample bone density non-invasively (or remotely) is 
very signi?cant in determining the necessity for treat 
ment of natural bone degeneration as well as gauging 
the successful or unsuccessful nature of the treatment. 
The ?ve quantities on the right side of the equation are 
o'KN (a constant), bone and arm thickness (t3 and t7) 
which can be accurately measured in a projection radio 
graph and X1 and X2. The latter are de?ned in equation 
29. With the inventive apparatus, digitized samples of 
X1 and X2 are derivable from the image arrays T and S. 
The operator need merely select the regions within 
which X1 and X2 need to be evaluated, input the other 
three parameters and the result is a simple arithmetic 
problem. 
FIG. 6 is an illustration of a projection radioagraph of 

an arm which could be used to measure tr and t3; 61 
refers to the arm and 62 to the bone. FIG. 7 represents 
the arrays T and S corresponding to the inventive imag 
ing. Although the illustrations of FIG. 7 only show a 
partially ?lled array, this is only for convenience, and in 
fact each element of arrays T and S has avalue corre 
sponding to the sampled and digitized intensity of the 
transmitted and/or scattered radiation reaching the 
detector at the particular point in the raster sweep cor 
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responding to the location in the element in the array. 
The lines of sight for paths R1 and R2 are represented 
by horizontal lines referenced to a datum, in FIG. 6. By 
displaying the projection radiograph, the image of FIG. 
6 is obtained. The desired lines of sight can be identi?ed 
by moving a cursor to position C1 (to identify X1) and 
then to C2 (to identify X2). The cursor positions C1 and 
C2 correspond to one (or several) pixel high swath(s) 
through the arrays T and S. X] and X; can be directly 
computed from T and S as a simple ratio. That is, since 
X is de?ned as 15/1,, at any point i,j of either array, 
X,-‘,~= SU/TU. We need X1 and X2 valid over some 
length, and for that a mean or average can be computed. 
This allows numerical solutions to equation 36. 

Accordingly, the invention provides for signi?cant 
improvements in imaging. A preferred embodiment 
(illustrated in FIGS. 1A, 1B, 2 and 3) provides for ac 
quisition of radiograph data allowing the processing of 
that data to produce an image which can readily be 
manipulated to enhance image components based on 
atomic number, for example as shown in FIG. 4. In 
another embodiment of the invention, remote measure 
ment of density of a target component is provided for 
notwithstanding the fact that the component whose 
density is to be measured may be completely submerged 
within the target in another component or components. 

It should be apparent that many changes can be made 
within the spirit and scope of the invention, and while 
the embodiments described herein are representative of 
the invention, the true scope of the invention is to be 
determined from the attached claims. 

I claim: 
1. A projection radiographic apparatus useful in se 

lectively imaging an object using penetrating radiant 
energy comprising: 

source means for emitting penetrating radiant energy, 
means for directing said penetrating radiant energy 

emitted by said source means towards a target area 
including scanning means for producing a ?ying 
spot of penetrating- radiant energy for repeatedly 
sweeping a line in space at said target area, 

?rst radiant energy detecting means located to be 
responsive to radiant energy from said source 
means passing directly through an object located in 
said target area for producing a ?rst sequence of 
signals as said ?ying spot sweeps said target area, 
and 

second radiant energy detecting means located sub 
stantially coplanar with said ?rst radiant energy 
detecting means and further from said source 
means than said object, said second radiant energy 
detecting means responsive to radiant energy from 
said source scattered at an acute angle to a path of 
said radiant energy from said source means, by an 
object located in said target area, to produce a 
second sequence of signals as said ?ying spot 
sweeps said target area, said second sequence in 
cluding only one single valued signal for each sig 
nal of said ?rst sequence, and 

combining means for combining said ?rst and second 
sequences of signals to produce an image array as a 
nonlinear function of said signals from said ?rst and 
second sequences. 

2. Apparatus as recited in claim 1 in which said com 
bining means includes means for producing an image 
array with elements of intensity related to atomic num 
ber. 
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3. A projection radiographic apparatus useful in se 

lectively imaging an object using penetrating radiant 
energy comprising: 

source means for emitting penetrating radiant energy, 
means for directing said penetrating radiant energy 

emitted by said source means toward a target area 
including scanning means for producing a ?ying 
spot of penetrating radiant energy for repeatedly 
scanning said target area, 

?rst radiant energy detecting means located to be 
responsive to said radiant energy passing directly 
through an object located in said target area for 
producing a ?rst signal sequence as said ?ying 
spots scan said target, 

second radiant energy detecting means located sub 
stantially coplanar with said ?rst radiant energy detect 
ing means and responsive to radiant energy scattered by 
an object located in said target area for producing a 
second signal sequence as said ?ying spot scans said 
target area, said second sequence including only one 
single valued signal for each signal in said ?rst sequence 
of signals, 
combining means for combining said ?rst and second 

sequences of signals to produce an image array in 
which said combining means includes: 

means for sampling an output of said ?rst and second 
radiant energy detecting means for developing ?rst 
and second sequences of sampled signals; 

means for A to D converting said sequences of sam 
pled signals to produce ?rst and second digital 
sequences; 

means for storing said ?rst digital sequence in a ?rst 
ordered array T; 

means for storing said second digital sequence in a 
second ordered array S; and 

means for processing said ?rst and second ordered 
arrays for producing a third ordered array R with 
a single element in said array R corresponding to 
each element of said ?rst and second digital sequen 
ces. 

4. Apparatus as recited in claim 3 in which said means 
for processing includes processing means for comput 
ing, for each element of said ?rst and second arrays the 
quantity: 

R = 

wherein S is an element from said second array, T is an 
element of said ?rst array, I0 is a quantity related to 
illumination intensity of said source means; 
and means for storing said quantity R as a corre 

sponding element of said third array. 
5. A method of projection radiographic imaging pro 

ducing an image array useful in isolating image compo-' 
nents of particular tissues, compounds or elements from 
other image components comprising: 

providing a radiant energy source and a scanning 
device for repeatedly sweeping a line in space at a 
target area; 

providing relative movement, between an object 
located at said target area and said radiant energy, 
perpendicular to the sweep of said radiant energy; 

detecting, in a given plane, radiant energy transmit 
ted by said object as said radiant energy source 
sweeps said target area; 
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detecting, substantially in said given plane, radiant 
energy scattered at an acute angle to path of said 
radiant energy from said source, by said object as 
said radiant energy source sweeps said target area; 

processing said detected radiant energy to produce 
transmitted and scattered radiant energy signals 
related respectively to transmitted and ‘scattered 
radiant energy, wherein said processing step pro 
duces only a single scattered radiant energy signal 

' for each transmitted radiant energy signal; and 
producing result signals as a non~=linear function of 

said radiant energy signals and producing an image 
array from said result signals. 

6. A method as recited in claim 5 in which said pro 
cessing step includes sampling and A/D conversion and 
in which said producing step produces an image array 
with elements of intensity related to atomic number. 

7. A method as recited in claim 5 or 6 in which said 
producing step produces the quantity: 

R = 

where T and S are transmitted and scattered radiant 
energy signals, respectively, I0 is a constant related to 
intensity of said source and said image array consists of 
an ordered array of said quantity R. 

8. A method as recited in claim 5 in which said pro 
ducing step produces an image array of elements having 
intensity related to atomic number. 

9. A method of remote measurement of density of a 
component of a complex target in which said compo— 
nent is entirely submerged in another component of said 
complex target comprising the steps of: 
measuring thickness of a selected section of said com 

plex object and thickness of said component at said 
section; 

illuminating said section of said complex object in at 
least two swaths with a sweeping beam of radiant 
energy directed approximately perpendicular to 
said selected section while slowly indexing said 
target relative to said sweeping beam so that said 
?rst swath has a line of sight excluding said compo 
nent and said second swath has a line of sight in 
cluding said component; 

simultaneously detecting transmitted and scattered 
radiant energy from said target; 

sampling and storing said detected transmitted and 
scattered radiant energy in a pair of ordered arrays 
T and S, respectively, and computing a representa 
tion of density as: 

where the subscripts, i,b and i,a respectively iden 
tify said second and ?rst swaths, t3 identi?es said 
measured component thickness, tT identi?es said 
measured thickness of said complex object and 
(rim is the Klein Nishina cross-section for a free 
electron. 

10. Apparatus useful in selectively imaging an object 
using penetrating radiant energy comprising: 

source means for emitting penetrating radiant energy, 
means for directing said penetrating radiant energy 

emitted by said source means towards a target area, 
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?rst radiant energy detecting means located to be 

responsive to said radiant energy passing directly 
through an object located in said target area, 

second radiant energy detecting means located to be 
responsive to said radiant energy scattered by an 
object located in said target area, 

image developing means responsive to signals pro 
duced by said ?rst and second radiant energy de 
tecting means, said image developing means in 
cludes: 

means responsive to said ?rst and second radiant ' 

energy detecting means for deriving ?rst and sec 
ond sequences of signals therefrom, 

means for storing said ?rst sequence in a ?rst ordered 
array T; 

means for storing said second sequence in a second 
ordered array S; and 

means for combining said ?rst and second ordered 
arrays for producing and storing a third ordered 
array R, wherein 

said means for combining includes means for comput 
ing, for each element of said first and second arrays 
the quantity: 

R = 

wherein S is an element from said second array, T 
is an element of said ?rst array, I0 is a quantity 
related to illumination intensity of said source 
means. 

11. A method of imaging producing an image array 
useful in isolating image components of particular tis 
sues, compounds or elements from other image compo 
nents comprising: 

providing radiant energy source means for repeatedly 
sweeping a target with radiant energy; 

providing relative movement between said target and 
said radiant energy perpendicular to the sweep of 
said radiant energy; 

detecting radiant energy transmitted by said target; 
detecting radiant energy scattered by said target; 
processing said detected radiant energy to produce 

transmitted and scattered radiant energy signals 
related respectively to transmitted and scattered 
radiant energy; and 

combining said radiant energy signals to produce the 
quantity: 

R = 

where T and S are transmitted and scattered radi 
ant energy signals, respectively, L, is a constant 
related to intensity of said source and said image 
array consists of an ordered array of said quantity 
R. 

12. A method as recited in claim 11 in which said 
processing step includes sampling and A/ D conversion. 

13. A method useful in remote measurement of den 
sity of a component of a complex object in which said 
component is entirely submerged in said complex object 
comprising the steps of: it 

measuring thickness of a selected section of said com 
plex object and thickness of said component at said 
selected section; 
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illuminating said selected section of said complex 
object in at least two swaths with a sweeping beam 
of radiant energy directed approximately perpen 
dicular to said selected section while slowly index 
ing said target relative to said sweeping beam so 
that a ?rst swath has a line of sight excluding said 
component and a second swath has a line of sight 
including said component; 

simultaneously and separately detecting transmitted 
and scattered radiant energy from said target; 

sampling and storing signals corresponding to said 
detected transmitted and scattered radiant energy 
in a pair of ordered arrays T and S, respectively, 

computing for said ?rst swath a ?rst ratio of scattered 
and transmitted radiant energy, 

computing for said second swath a second ratio of 
scattered to transmitted radiant energy, and 

computing, with said ?rst and second ratios, the den 
sity, of said component. 

14. A method as recited in claim 13 wherein said ?rst 
ratio is multiplied by a quantity related to the ratio of 
the measured component thickness and measured thick 
ness of said complex object. 

15. The method of claim 13 or 14 in which said simul 
taneously detecting step is carried out with detectors 
located in substantially common planes. 

16. Projection radiographic apparatus useful in selec 
tively imaging an object located in a target area using 
penetrating radiant energy comprising: 

source means for emitting penetrating radiant energy, 
means for directing said penetrating radiant energy 

emitted by said source means towards said target 
area including scanning means for producing a 
?ying spot of penetrating radiant energy for repeat 
edly scanning said target area, 

?rst radiant energy detecting means located to be 
responsive to said radiant energy passing directly 
through an object located in said target area for 
producing a ?rst sequence of signals as said ?ying 
spots scan said target, 

second radiant energy detecting means located sub 
stantially coplanar with said ?rst radiant energy 
detecting means, further from said source means 
than said object and responsive to radiant energy 
scattered at an acute angle to a path of radiant 
energy from said source means, by an object lo 
cated in said target area for producing a second 
sequence of signals as said ?ying spot scans said 
target area, said second sequence including only 
one valued signal for each signal in said ?rst se 
quence, and 

18 
combining means responsive to said ?rst and second 

signals for producing an image array with elements 
of intensity related to atomic number. 

17. Apparatus useful for producing a projection radi 
5 ograph for selectively imaging an object using penetrat 
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ing radiant energy comprising: 
source means for emitting penetrating radiant energy, 
means for directing said penetrating radiant energy 

emitted by said source means toward a target area 
including scanning means for producing a ?ying 
spot of penetrating radiant energy for repeatedly 
scanning said target area, 

?rst radiant energy detecting means for producing 
?rst signals and located to be responsive to said 
radiant energy passing directly through an object 
located in said target area as said ?ying spot scans 
said target area, 

second radiant energy detecting means for producing 
second signals and located to be responsive to radi 
ant energy scattered at an acute angle to a path of 
said penetrating radiant energy by an object lo 
cated in said target area as said flying spot scans 
said target area, 

combining means for combining said ?rst and second 
signals to produce an image array in which said 
combining means includes: 

means for sampling an output of said ?rst and second 
radiant energy detecting means for simultaneously 
developing ?rst and second sequences of sampled 
signals with a like number of signals in each se 
quence; 

means for A to D converting said sequences of sam 
pled signals to produce ?rst and second digital 
sequences; 

means for storing said ?rst digital sequence in a ?rst 
ordered array T to produce an array of a given 
number of elements; 

means for storing said second digital sequence in a 
second ordered array S to produce an array of said 
given number of elements; and 

means for processing said ?rst and second ordered 
arrays for producing a third ordered array R of 
said given number of elements wherein R is a re 
?ection of said object’s atomic number. 

18. Apparatus as recited in claim 17 wherein said 
third ordered array R includes a plurality of elements, 
each of said elements being a function of a correspond 
ing element in said ?rst and second arrays T and S, 
respectively. 

19. Apparatus as recited in claim 17 which includes 
means for producing from said array R an image with 
elements of intensity related to atomic number. 
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